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Abstract. The relationships between rainfall, hydrology and
landslide movement are often difficult to establish. In this
context, ground-water flow analyses and dynamic modelling
can help to clarify these complex relations, simulate the land-
slide hydrological behaviour in real or hypothetical situa-
tions, and help to forecast future scenarios based on envi-
ronmental change. The primary objective of this study is
to investigate the possibility of including more temporal and
spatial information in landslide hydrology forecasting, by us-
ing a physically based spatially distributed model. Results of
the hydrological and geomorphological investigation of the
Super-Sauze earthflow, one of the persistently active land-
slide occurring in clay-rich material of the French Alps, are
presented. Field surveys, continuous monitoring and inter-
pretation of the data have shown that, in such material, the
groundwater level fluctuates on a seasonal time scale, with
a strong influence of the unsaturated zone. Therefore a cou-
pled unsaturated/saturated model, incorporating Darcian sat-
urated flow, fissure flow and meltwater flow is needed to ad-
equately represent the landslide hydrology. The conceptual
model is implemented in a 2.5-D spatially distributed hydro-
logical model. The model is calibrated and validated on a
multi-parameters database acquired on the site since 1997.
The complex time-dependent and three-dimensional ground-
water regime is well described, in both the short- and long-
term. The hydrological model is used to forecast the future
hydrological behaviour of the earthflow in response to poten-
tial environmental changes.
Correspondence to: J.-P. Malet
(j.malet@geog.uu.nl)
1 Introduction
– What changes can be expected in the activity of large
landslides in the future under the impact of environmen-
tal changes?
– What are the most active processes governing the
recharge of a landslide groundwater table and the
thresholds triggering an acceleration in displacement?
Geoscientists are often called upon to predict the behaviour
of landslide complexes by answering questions like these as-
suming that the majority of the landslide triggering mecha-
nisms is related to hydrological triggering, induced by rain-
fall or snowmelt (Iverson and Major, 1986; Iverson, 2000;
Montgomery and Dietrich, 1994; Ng and Shi, 1998; Cappa
et al., 2004). Indeed, because of the large variability in
the quantity of water stored in the saturated and unsaturated
zones and the comparatively few return periods of critical
rainy episodes, the behaviour of many landslides seems to
be mainly governed by the hydrological system (Hodge and
Freeze, 1977; Haneberg, 1991; Iverson, 1992). This implies
that it is important to describe the saturated and non-saturated
fluxes and to study the influence of macropores and fissures
on landslide activity (Keefer and Johnson, 1983; van Asch et
al., 1999).
Although some decisions can be made using best engi-
neering or best geologic judgment, in many instance these
approaches are inadequate to analyse complex landslide
groundwater systems. A better tool to help geoscientists
meet the challenge of forecasting is usually a hydrological
model describing the relations between climate character-
istics (inputs) and groundwater responses (outputs). Sur-
prisingly, modelling the hydrological factors which control
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Figure 1. Morphological sketch of the Super-Sauze earthflow. (a) Aerial ortho-photographs of 
the earthflow. The letters A to E refer to the investigated cross-sections. (b) Morphological 
track of the earthflow and location of the drainage streams. (c), (d) Dry (August 2000) and 
saturated tension cracks (May 2001) in the upper part of the earthflow. 
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Fig. 1. Morphological sketch of the Super-Sauze earthflow. (a) Aerial ortho-photographs of the earthflow. The letters A to E refer to the
investigated cross-sections. (b) Morphological track of the earthflow and location of the drainage streams. (c), (d) Dry (August 2000) and
saturated tension cracks (May 2001) in the upper part of the earthflow.
landslides has been slow to gain acceptance (Anderson and
Kemp, 1988; Brunsden, 1999), compared to watershed hy-
drological modelling or rainfall-runoff modelling. Never-
theless, this aspect has been gaining ground in recent years
as geotechnical, geomorphological and hydrological models
are drawn closer together (Corominas, 1998). The research
challenges involve the complexity of real landslides, the dif-
ficulty of surveying piezometric levels in “moving environ-
ments”, the difficulty at understanding the water pathways
within complex landslide bodies, and the inability of hydro-
logical models to handle large complex systems with 3-D ef-
fects (Ambroise, 1999; Brunsden, 1999; Ridolfi et al., 2003).
In the last decade, the growth of distributed databases
(rainfall, temperature, capillary pressure head, soil mois-
ture content, groundwater level) on several landslides
(La Clapie`re, Se´chilienne in France; Tessina, Corvara,
Alve´ra in Italy; Vallcebre in Spain, and others) has allowed
the development and the validation of both lumped and phys-
ically based hydrological models. Therefore, the primary
objective of this study is to demonstrate the potential of dy-
namic distributed models in forecasting landslide hydrology.
Results of a detailed hydrological investigation of the
Super-Sauze earthflow, one of the persistently active land-
slide occurring in clay-rich material of the French Alps
(Malet and Maquaire, 2003), are presented. The earth-
flow moves significant distances each rainy season: how-
ever, the timing, duration, and speed of movement do not
correlate directly with the timing and amount of rainfall
(Malet et al., 2002). The unsaturated zone strongly attenu-
ates and delays the precipitation. Moreover snowmelt water
and preferential fissure flows have a considerable influence
on recharge of the groundwater table. Therefore a coupled
unsaturated/saturated model is needed for landslides occur-
ring in this material. A concept for the temporal behaviour
of these landslides is proposed and implemented in a dis-
tributed physically based hydrological model. The model is
calibrated and validated at the field scale. Two practical ap-
plications of the model for hazard assessment and risk man-
agement are then presented.
2 Landslide hydrology: modelling strategy
There are almost as many different hydrological models as
there are listed types of landslides, so it is essential to identify
clearly the purpose of the modelling effort at the onset of the
study, and to establish a modelling strategy.
Although most earlier research has focussed on the hydro-
logical behaviour of shallow landslides typically controlled
by the travel time of the precipitation input through the un-
saturated zone (van Beek and van Asch, 1999; Brooks et
al., 2002), or on the mechanics of deep-seated landslides
controlled by saturated conditions (Cappa et al., 2003), less
research has focused on the landslides governed by both
saturated and unsaturated conditions. Moreover, the tradi-
tional modelling approach involves an overall representation
by area-average values of equivalent parameters. Numerical
codes can be more or less complex, from simple 1-D lumped
models to complex physically based 2-D or 3-D models for
saturated and unsaturated flows (Corominas, 1998). Dis-
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Figure 2. (a) Hydrological instrumentation of the Super-Sauze earthflow. (b) Geotechnical 
structure of the earthflow in its upper part (B cross-section). 
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Fig. 2. (a) Hydrological instrumentation of the Super-Sauze earthflow. (b) Geotechnical structure of the earthflow in its upper part (B cross-
section).
tributed approaches, either 2-D or 3-D, are valuable because
they can account for the spatial variability of the landslide
material, for the topographic control on the convergence of
flows, or for the division of the hydrological system into
hydro-geomorphological units (Reid et al., 1988; Miller and
Sias, 1998).
Our research attempts to validate a distributed physically
based hydrological code for complex landslides affecting
fine-grained material, characterized by saturated and unsat-
urated conditions. The modelling strategy includes con-
cept definition, code formulation, sensitivity analysis, model
validation, and finally forecasting (Anderson and Woessner,
1991). In particular, the definition of a conceptual model of
the landslide system is of paramount importance because dif-
ferent types of landslides have different hydrological systems
and react at different temporal scales to the precipitation in-
put (van Asch et al., 1999).
3 Field setting and data collection
3.1 Morphological and geological context
Deep-seated earthflows are the most typical landslides in-
volving black marls in the Southeastern part of the French
Alps (Maquaire et al., 2003). They are generally the result
of catastrophic failures in which an initial structural rock
block slide transforms into a slow-moving massive transla-
tional landslide progressing down stream channels. Their
movements, influenced by slope morphology, rock-mass fab-
ric, and hydrology, may result from sliding and flowing either
singly or in combination (Malet and Maquaire, 2003).
About 100 km north of Nice, four large earthflows (Poche,
Super-Sauze, La Valette and Dourbes) are very active and
exhibit similar morphologies. Among these earthflows,
the Super-Sauze earthflow (Fig. 1) has been surveyed by
the School and Observatory of Earth Sciences (Strasbourg,
France) since 1991 (Flageollet et al., 2004). The earthflow
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Figure 3. Hydrodynamical properties of the earthflow. (a) Hydrological tests performed to 
study the hydrodynamical behaviour of the material in both unsaturated and saturated 
conditions. (b) Variation of hydraulic conductivity in depth in the mid-part of the earthflow 
(C cross-section). (c, d) Variation of hydraulic conductivity and retention capacity in the 
unsaturated zone with special reference to the hydro-geomorphological units HG1 and HG2 
(see Section 3.3.3 for the description of these units). 
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Fig. 3. Hydrodynamical properties of the earthflow. (a) Hydrological tests performed to study the hydrodynamical behaviour of the material
in both unsaturated and saturated conditions. (b) Variation of hydraulic conductivity in depth in the mid-part of the earthflow (C cross-
section). (c), (d) Variation of hydraulic conductivity and retention capacity in the unsaturated zone with special reference to the hydro-
geomorphological units HG1 and HG2 (see Sect. 3.3.3 for the description of these units).
extents over an horizontal distance of 820 m and occurs be-
tween an elevation of 2105 m (crown) and 1740 m (toe)
with an average 25◦ lope. It has a flow-like tongue mor-
phology (Fig. 1a). A detailed morphological description of
the earthflow since its genesis in the mid-seventies can be
found in Weber and Herrmann (2000). The paleotopogra-
phy, a succession of more or less parallel crests and gullies,
plays an essential role in the behaviour of the flow by de-
limiting preferential water and material pathways and creat-
ing sections with differing kinematical, mechanical and hy-
drological characteristics. The total volume is estimated at
750 000 m3 and velocities range from 0.01 to 0.4 m.day−1.
The earthflow is bordered by two lateral gullies with peren-
nial run-off (Fig. 1b) and characterized by a central intra-
flowing gully with intermittent run-off (Fig. 1b). Water flows
in the gullies and in the landslide varie greatly with the sea-
son, as can be observed by the presence of dry or saturated
cracks (Figs. 1c, 1d).
Malet et al. (2002) have demonstrated that rainfall is the
main triggering factor of the earthflow motion, and it pro-
duces an intermittent and delayed recharge of the groundwa-
ter. The earthflow has been active since 1970’s. The long-
term kinematics are characterized by continuous movements
with a seasonal trend. Its continued motion is likely given a
Factor of Safety that is often below unity (Maquaire et al.,
2003).
3.2 Geometry and internal geotechnical structure of the
earthflow
Observations and on-site measurements of the meteorolog-
ical characteristics, the hydrology and displacements at the
earthflow began in 1991 (Flageollet et al., 2004). A geo-
physical and geotechnical investigation combined with a
photogrammetric analysis was initiated in 1996 along five
cross-sections in order to determine the structure of the ac-
cumulated mass (Schmutz et al., 2000). A water balance
station to monitor pressure heads, combined with several
Time-Domain-Reflectrometry sensors to monitor soil mois-
ture over depth, has been installed in 1997. Around thirty
open standpipe piezometers with manual recordings, filtered
at different levels, were installed on five cross-sections to de-
fine the geometry of the water reservoir. Among them, four
piezometric recorders were installed to monitor pore pressure
(Fig. 2a). Cross-correlation of all information in a distributed
database has allowed the construction of a hydrological and
mechanical concept of the earthflow (Malet, 2003).
The earthflow consists of a heterogeneous tongue with a
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high silty-sand matrix mixed with morainic debris. Its ver-
tical structure consists of two superimposed units (Maquaire
et al., 2001). The upper unit, 5 to 9 m thick, is a very wet vis-
cous muddy formation, which can be sub-divided into two
sub-units (C1a and C1b) depending on the shape of the pa-
leotopography. This unit is very active from a hydrological
and mechanical view point. The lower unit, with a maximum
thickness of 10 m, is a stiff compact, relatively impervious
and apparently stable formation (Malet et al., 2002).
3.3 Hydrological behaviour of the earthflow
In the following, the hydroclimatic time series (precipitation,
either liquid or solid, temperature, net radiation, soil water
content, soil suction, pressure head, groundwater level) over
the period 1997–2001 and the results of an extended hydro-
logical investigation are used to define a hydrological con-
cept.
3.3.1 Reservoir geometry and hydrodynamical parameters
The geometry of the hydrological system is identified by two
static surfaces, the ground surface and the bottom of the
reservoir, and a dynamic one, the water table. The reser-
voir consists of C1a et C1b units. The eastward and west-
ward streams are considered as lateral boundaries of the land-
slide system (Fig. 1b). The thickness of the reservoir aver-
ages 7–8 m on cross-sections A and C, and 4 m on cross-
sections B, D and E. The total volume of the reservoir is es-
timated at 300 000 m3. Subsurface water heights between
−0.5 and −1.5 m were observed in the upstream section of
the earthflow (cross-sections A, B, C), while deeper water
levels (−2.5 m to −3.5 m) are observed in the western parts
of cross-sections B and C. Moreover, the depth of the highest
position of the groundwater table slowly decreases from the
B cross-section (−0.20 m) to the E cross-section (−0.80 m).
In the unsaturated zone, the volumetric water content varies
considerably, ranging from 0.08 to 0.35.
Hydraulic conductivities were extensively tested both in
laboratory and in-situ (Fig. 3a). Permeability variation with
depth has been estimated by some sixty auger hole tests in
the reworked marls and four Lugeon tests in the in-situ marls
(Fig. 3b). In the unsaturated zone, vertical hydraulic conduc-
tivities were estimated in-situ by tension disk infiltrometry
for pressures heads of −0.1 m and at saturation (Fig. 3c). To
estimate the horizontal conductivity KH , soil samples were
taken horizontally at different depths, following the method-
ology proposed by Caris and van Asch (1991). The matric
suction-moisture content relationship was obtained through
a sand and kaolin box apparatus for pressure heads between
pF 1.0 and pF 2.7, and with a suction plate membrane ap-
paratus for pF 3.6 and pF 4.2. The maximum water storage
was derived from the pF curves on more than 250 samples
(Malet, 2003).
The observed hydrological behaviour is in accordance
with the silty-sand texture of the material. The observed
range of hydraulic conductivity values (Figs. 3b, 3c) classi-
fies the material as semi-permeable (De Marsily, 1986). The
auger hole tests show a decrease in permeability with depth
(Fig. 3b), connected to the increasing compaction of the ma-
terials, with values of up to 10−5 m.s−1 between −1 m and
−2 m, up to 10−8 m.s−1 in the lower unit. Furthermore
the Lugeon test carried out in-situ indicates a permeability
of 10−10 m.s−1. For the purposes of our modelling study,
this allows us to assume the lower unit of the earthflow and
the underlying in-situ intact material as impermeable.
In the unsaturated zone, the hydraulic conductivity val-
ues vary greatly according to the soil surface characteris-
tics (Malet et al., 2003) and the presence of fissures from
10−4 m.s−1 to 10−8 m.s−1 (Figs. 3c, 3d). The retention val-
ues range between 0.17 and 0.42. 10−2 m3.10−2 m−3. The
matric suction-moisture content relationship is well repre-
sented by a simple Farrel and Larson model (1972). The
parametric values of this model agree with those described in
the literature for black marl soils (Caris and van Asch, 1991;
Antoine et al., 1995; van Asch and Buma, 1997).
The average transmissivity of the entire reservoir, calcu-
lated with the analytical solution of The´is and the logarithmic
approximation of Jacobs (The´is, 1941; Freeze and Cherry,
1979), on the basis of twenty one groundwater rises observed
in piezometers BV16 and EV2, is as high as 10−5 m2.s−1.
Consequently, the storage coefficient (i.e. effective poros-
ity) of the reservoir, is very low (0.21±0.04). The effec-
tive porosity estimated with the The´is equation (15%) was
confirmed by mercury porosimetry measurements which in-
dicated a kinematic porosity from 17 to 23% (Schmutz et al.,
2000).
3.3.2 Mass balance factors of the hydrological system
Inputs (rainfall, snowfall) and outputs (surface water, evap-
oration) of the saturated zone represent the mass balance of
the hydrological system. The long-term yearly cumulated
precipitation is usually 750 to 900 mm (with about 200 to
250 mm as snowfall), but the maximum daily or monthly
value can vary greatly and produce significant groundwa-
ter fluctuations (Malet, 2003). A monthly value of 150 to
200 mm can occur especially in April, May, October or
November. Three rain gauges installed in a 5-square kilome-
tre area around the landslide allowed us to quantify rainfall
variability (Fig. 2a). A climatic station allowed us to esti-
mate the reference potential evapotranspiration according to
the Penman equation and it recorded Snow Water Equivalent.
As snow is the main mode of precipitation during winter, a
snow depth sensor was installed on the site at 2000 m a.s.l.
No springs are visible on the flanks of the earthflow. Sur-
face water discharge was measured temporarily in the mid-
stream section of the central gully of the landslide for sev-
eral climatic conditions. During periods of medium and high
rainfall, high peaks in stream discharge were observed, but
no lag time with precipitation was measured. Unfortunately,
the hydrograph could not be evaluated. More information is
needed to quantitatively reproduce this aspect of the hydro-
logical system.
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Figure 4. Hydro-geomorphological units of the earthflow. (a) Example of matrix pressure 
heads and groundwater time series over the year 1998 in the lower part of the earthflow 
(piezometric station EV2). (b) Autocorrelation functions for groundwater level fluctuations of 
the four monitoring locations. (c) Boundaries of the hydro-geomorphological units and 
associated soil surface characteristics. (d) Cross-association results of matrix pressure heads 
fluctuations for three monitoring depths at site EV2. 
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Fig. 4. Hydro-geomorphological units of the earthflow. (a) Example of matrix pressure heads and groundwater time series over the year
1998 in the lower part of the earthflow (piezometric station EV2). (b) Autocorrelation functions for groundwater level fluctuations of the four
monitoring locations. (c) Boundaries of the hydro-geomorphological units and associated soil surface characteristics. (d) Cross-association
results of matrix pressure heads fluctuations for three monitoring depths at site EV2.
3.3.3 Qualitative inferences from field data: analysis of
groundwater flow
The earthflow is characterized by high groundwater levels
whose fluctuations are correlated with rainfall and snowmelt.
Figure 4a shows an example of the rainfall-groundwater table
relations for the year 1998 in the lower part of the earthflow.
The piezometric behaviour shows high pore pressure varia-
tions (up to 20–25 kPa corresponding to an average fluctu-
ation of the groundwater level of about 2.5 m) with sudden
recharge following snowmelt. Pore pressures may remain
high for a long time due to the medium permeability of the
reworked marls and the presence of the relatively imperme-
able layer underneath. Groundwater table fluctuations follow
the same trend all over the earthflow, but the relative position
of the water level depends on local conditions. Water level
fluctuations of different intensity are related to changes in
permeability and geometry of the earthflow.
For the purpose of this study, daily precipitation in relation
to the daily groundwater fluctuations was analysed statisti-
cally (autocorrelation functions, cross-association and cor-
relation techniques) on four automatic piezometric stations
over the period 1999–2002, and on twenty one piezometric
stations between June and October 1996 with daily manual
recordings. Figure 4b shows an example of the autocorre-
lation function of the groundwater level fluctuations (entire
pore pressure record). The autocorrelation functions of BV5
and EV2 show a high autocorrelation value (>0.3) for time
lags up to 10 days. The fact that these piezometric stations
have long gradual rising and falling stages helps explain this
correlation. They also correspond to the less active part of
the earthflow. CV3 and in particular BV16 show less much
autocorrelation. These piezometric stations experience short-
term fluctuations and are more likely influenced by external
factors (fissure density) than by system memory. Therefore,
on the basis of geomorphological observations (grain size
and soil surface characteristics (Fig. 4c), of soil hydrodynam-
ical properties (hydraulic conductivity and retention capacity,
Figs. 3c, 3d), and considering autocorrelation functions of
CV3 and BV16 similar, three hydro-geomorphological units
can be identified (Fig. 4c):
– the HG1 unit, exhibits very rapid piezometric responses
(<1 h), a significant fluctuation (up to +0.4 to 0.5 m)
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and rapid drainage (3-5 h);
– the HG2 unit, exhibits rapid piezometric responses (2–
3 h), a modest fluctuation (+0.05 to +0.3m) and rela-
tively rapid drainage (12–24 h);
– the HG3 unit, exhibits slow piezometric responses
(>5 h), low fluctuation (centimetric) and slow drainage
(>24 h).
The infiltration in the unsaturated zone was studied in more
detail through the analysis of the soil moisture variations, and
the short-term variation of matrix pressure heads (Figs. 4a,
4d). These fluctuations are representative of the HG2 unit
(Fig. 4c). On an annual basis, the range of matrix pressure
heads varies between saturation and an average of +150 kPa.
For specific climatic situations, soil suction may reach more
than 40 kPa in summer, or even 80 kPa when the soil freezes
(Fig. 4a). Water is transported to depth quickly with an im-
mediate drop in pressure potentials after rainfall. Moreover,
in the top layer, saturation always remains temporary (1/4 h
to 2 h) after a rainfall. Because these data relate to low per-
meable soils, rapid drops in matrix pressure head appear to
be connected both to matrix fluxes in the nearly saturated
material and to fissure fluxes. A similar behaviour has been
observed for slow-moving landslides including fissured clays
(Baum and Reid, 1995).
Cross-association analysis between onset of effective pre-
cipitation and onset of soil moisture changes was per-
formed to determine the time delay in the infiltration process
(Fig. 4d). The precipitation and soil moisture data are on a
hourly basis, therefore the matching was performed on the
same time scale. It is recognised that this time resolution is
high for infiltration in semi-permeable soil. All soil moisture
time series give similar results for the cross-association anal-
yses. Results show a maximum time lag of 4 h for the upper
part of the unsaturated zone (−0.56 m), and a maximum of 9
to 10 h for the lower part (between −0.88 m and −1.08 m).
The percentage of matches decreases between time lags of 4
to 9 h for the upper part of the unsaturated zone, and between
time lags of 9 to 15 h for the lower part. Results indicate that
the unsaturated zone generally reacts within 4 h on a rain
event.
4 Concept for the hydrology of the earthflow and model
implementation
4.1 The hydrological concept
We propose the following conceptual hydrological model:
– above a certain groundwater threshold level (0.6–0.8 m
in the HG1 unit, 0.8–1 m in the HG2 unit), ground-
water fluctuations are invariably rapid (less than a few
hours),of moderate magnitude (0.1–0.4 m) and rela-
tively short duration (within days) following liquid rain-
fall. Peaks following snowmelt have a longer duration;
 
 
 
Figure 5. Hydrological concept of the earthflow and schematisation of the concept 
implemented in the hydrological model. 
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Fig. 5. Hydrological concept of the earthflow and schematisation of
the concept implemented in the hydrological model.
– the decline of the groundwater levels below this thresh-
old strongly depends on the season, with fast r drainage
in summer;
– the hydrological regime is influenced by two important
recharge events, one at the end of spring and one at the
beginning of autumn;
– no deep alimentation occurs within the landslide body.
The rapid piezometric responses are attributed to matrix
fluxes in nearly saturated materials, combined to fissure
fluxes through a superficial (0.3-1m) system of intercon-
nected cracks. The depth of this crack system is similar to
the boundary between the unsaturated and saturated zones.
Contribution of fissure flow to the recharge of the ground-
water table is not the same for all the measurements stations
due to differences in crack density and soil surface character-
istics, so it can be considered as one of the main reasons for
the spatially varying rates of groundwater rise.
The relation between precipitation and piezometric vari-
ations can not be ascribed only to vertical infiltration; lat-
eral infiltration can also play an important role. These con-
siderations are schematised into a hydrological concept with
three layers (Fig. 5). A layer with a continuous permeable
crack system (C1a1) overlies two layers marked by differ-
ent hydraulic conductivity values (C1a2, C1b) due to com-
paction. The groundwater table is mainly located in the C1b
and C1a2 layers. The lower unit (C2) and in-situ marls are
relatively impervious and thus not considered in the hydro-
logical model. A similar concept has been proposed in the
Alvera` landslide (Angeli et al., 1998; Bonomi and Cavallin,
1999).
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Figure 6. Architecture of the STARWARS model. (a) Modular architecture of the model (core 
model, sub-model) and schematic representation of the model implementation in the 
PCRASTER GIS package. (b) Representation of the storages and fluxes represented by the model, 
and relation between the calculation cells. (c) Schematic representation of the three-parameter 
conceptual fissure flow model. Definitions of the parameters are listed in Table 1. 
NHESS 4006 31
Fig. 6. Architecture of the STARWARS model. ((a) Modular architecture of the model (core model, sub-model) and schematic representation
of the model implementation in the pcraster gis package. (b) Representation of the storages and fluxes represented by the model, and
relation between the calculation cells. (c) Schematic representation of the three-parameter conceptual fissure flow model. Definitions of the
parameters are listed in Table 1.
We incorporated this hydrological concept into a numer-
ical model (Fig. 6a) by adaptating the spatially distributed
physically based model STARWARS (Storage and Redistri-
bution of Water on Agricultural and Revegetated Slopes) de-
veloped by Van Beek (2002) for the simulation of catchment
hydrology.
4.2 The hydrological model STARWARS
The hydrological model STARWARS uses the embedded
meta-language of the pcraster gis package (Wesseling et al.,
1996). The full model is built around a core model resolv-
ing the dynamic equation for saturated and unsaturated flows
and additional sub-models describing specific hydrological
processes (Fig. 6a). The model uses measured distributed
values for the parameter values. Each layer is represented by
a 2-D map (Fig. 6a). Implementation in a GIS-environment
has several advantages. First of all, if based on a high res-
olution DEM, the effect of topography can readily be incor-
porated; secondly, GIS offers the use of directly available
routing functions to define flow paths in each layer. Thirdly,
it is possible to include the spatial variation (horizontal and
vertical) of the hydrological parameters. This approach pro-
vides a unified theoretical description of most of the water
fluxes observed within a landslide.
The hydrological model consists of three permeable reser-
voirs (three layers) and an underlying impervious bedrock.
The hydrological model describes the saturated and the un-
saturated transient flow in the vertical and horizontal direc-
tions assuming freely drainable water (Figs. 6a, 6b). Storage
and fluxes are considered: antecedent soil moisture in the
different reservoirs, infiltration I , evaporation Ep, surficial
runoff R, percolation in the unsaturated zone Pe and satu-
rated lateral flow Qsat define the hydrological balance of the
system. A complete mathematical description of the model
can be found in van Beek (2002).
Within each timestep, water is added to the saturated stor-
age of each reservoir by the percolation from the unsatu-
rated zone and by bypass flow in the fissures IFiss and di-
J.-P. Malet et al.: Forecasting the behaviour of complex landslides 79
rect infiltration of snowmelt water IMelt in the upper reser-
voir (Fig. 6b). As first approximation, percolation is limited
to gravitational vertical flow and defined as a function of the
elevation potential only neglecting the matrix potential for
the flow in the unsaturated zone. The saturated storage is
diminished by the loss over the impervious bedrock and by
evaporation, which is only substantial when the groundwater
is close to the surface. In the saturated zone, the piezometric
head defines the lateral flow. All storage and fluxes are ex-
pressed by the relative degree of saturation θE of each layer
and given in units of waterslice (m). For each model layer z,
the vertical unsaturated matric flow (the percolation) is con-
trolled by the unsaturated hydraulic conductivityK(θE). The
mathematical formulation of Farrel and Larson (1972) of the
Soil Water Retention Curves, combined to the capillary anal-
ogy of Millington and Quirk (1961), and the saturated ver-
tical conductivities KV are used for the calculation of the
unsaturated conductivity. Percolation is thus proportional to
the travel time of soil moisture through the unsaturated zone,
and is deducted directly from the drainable storage in the un-
saturated zone. It is then used to recalculate the resulting
degree of saturation for the next timestep. As a dual poros-
ity network exists in the upper layer, bypass flow through the
fissures is also considered.
The lateral outflow Qsat over the saturated zone is con-
trolled by the piezometric gradient i, defined by the absolute
elevation of the phreatic surface. This hypothesis assumes
horizontal flow in the satutrated zone. A Local Drainage Di-
rection map (LDD) of the groundwater height is derived to
identify the drainage direction. The piezometric gradient i
is given by the difference in elevation over the slope paral-
lel distance. Along the LDD, the lateral outflow travels with
the apparent velocity of a saturated horizontal conductivity
KH , which is a fraction of the vertical saturated conductivity
KV . Then, for each cell, the storage in the saturated zone is
balanced for the outgoing and incoming fluxes.
The generation of the groundwater is simulated by impos-
ing boundary conditions (Fig. 6b). The lower boundary con-
ditions are state-controlled and are specified as fixed values
for the matric suction. The upper boundary conditions are
flux-controlled and account for the meteorological inputs at
the surface (rainfall, temperature, evaporation, net radiation).
At the surface, a simple infiltration module is used assuming
that the maximum infiltration capacity is defined as a ratio
of the rainfall to the top layer saturated conductivity. The
infiltration is only limited if the net rainfall exceeds the later.
A snowpack and snowmelt sub-model is incorporated as
a pre-processor in the hydrological model (Fig. 6b). A sim-
ple conceptual approach describing the energy balance of the
topsoil from the times series of net radiation and tempera-
ture was used. The model is based on three components:
(1) an input transformation, correcting climatic inputs (pre-
cipitation, temperature and radiation) with respect to altitude,
(2) a surface melt component using a simple excess temper-
ature mechanism as a substitute for a full energy budget con-
trolled melt formulation, (3) a snowpack storage term mQ
controlling how surface melt is retained within the pack, and
 
 
 
Figure 7. Calibration and validation of the SNOWPACK/MELT model over the winter of year 
2000. 
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Fig. 7. Calibration and validation of the snowpack/melt model over
the winter of year 2000.
consequently defining the release of water from the pack.
The snowpack/melt model employs representations particu-
larly suited to South Alps conditions. A temperature thresh-
old (Ts) is used to discriminate rainfall (Pliquid) from snow-
fall (Psolid). A critical temperature (Tm) above which melt
(IM ) occurs and a melt factor (ar ) are used to govern the
melt equation.
A simple conceptual fissure flow sub-model was devel-
oped to represent shallow bypass flow in an implicit form. In
each layer, the volume of each cell is disaggregated into equi-
volumes of soil matrix separated by equi-volumes of fissures
(Fig. 6c). Each equi-volume can be calculated using the com-
bination of two variables: the fraction occupied by the fis-
sures VFiss and the mean opening of the fissures LFiss. Using
these parameters has practical utility because they can be eas-
ily estimated in the field and represented on maps. At each
time step, the unsaturated flow in excess is directed towards
the fissure and that volume of water is transferred directly to-
wards layer C1a2 within one timestep by bypass flow. The
flow in the reverse direction, from the saturated fissures to
the matrix, is not considered. Moreover a sink term PFiss is
used to transfer a fraction of the precipitation in excess (i.e.
in excess to the infiltration capacity of the topsoil) directly
to depth within one time step. The fissure flow sub-model
has been developed to take into account fissures in the three
layers; nevertheless, in our simulations, only the upper layer
C1a1 is fissured.
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Table 1. Overview of the field-measured parameters and of the best-fit parameters for the optimisation of the hydrological core model.
Parameters Description Field measurements Best-fit model values
Mean Range n
Kv1 (cm.d−1)∗ Saturated vertical conductivity – C1a1 0.78 0.53–0.91 131 0.40
Kv2 (cm.d−1)∗ Saturated vertical conductivity – C1a2 0.53 0.42–0.72 86 0.30
Kv3 (cm.d−1)∗ Saturated vertical conductivity – C1b 0.47 0.35–0.52 47 0.30
RatK (−) Ratio Horizontal/Vertical conductivity 0.46 0.39–0.56 67 0.01
qSat1 (−)∗ Porosity value – C1a1 0.43 0.36–0.49 142 0.38
qSat2 (−)∗ Porosity value – C1a2 0.37 0.30–0.46 93 0.24
qSat3 (−)∗ Porosity value – C1b 0.31 0.23–0.39 61 0.21
Ha1 (m)∗ Air entry value – C1a1 (SWRC) 0.024 0.008–0.042 142 0.021
α1 (−)∗ Shape factor of the SWRC – C1a1 13.6 12.9–14.7 142 10.1
ha2 (m)∗ Air entry value – C1a2 (SWRC) 0.042 0.035–0.049 93 0.031
α2 (−)∗ Shape factor of the SWRC – C1a2 12.3 11.5–13.1 93 7.1
ha3 (m)∗ Air entry value – C1b (SWRC) 0.021 0.016–0.021 61 0.017
α3 (−)∗ Shape factor of the SWRC – C1b 13.2 12.3–13.7 61 10.0
KR (−)∗∗ Runoff coefficient 0.2 0.1–0.4 35 0.35
|h|BC (m) Matric suction at the bedrock interface – – – 2.98
∗ Index number refers to the layer related parameters;
∗∗ Values estimated in the field by rainfall simulation experiences.
5 Model calibration and optimisation of model perfor-
mance
5.1 Model calibration
We identified a compromise between the complex topogra-
phy, the spatial distribution of soil properties, the temporal
resolution of the meteorological and hydrological records to
set the spatial resolution at a pixel of 2×2 m and the timestep
resolution at 6 h. The model formulation was defined a pri-
ori and calibration only consists of optimisation of the model
performance by adapting the hydrological parameters on the
basis of field evidence. In a first stage of model develop-
ment, the piezometers EV2 and BV16 were chosen as cali-
bration sites (Fig. 2a). The model was calibrated over the pe-
riod April–June 2000. To produce an initial distributed water
level, soil moisture and snow thickness conditions, the model
was run over a 25-years period using the meteorological data
of Barcelonnette (1975–2000) and the average hydrological
parameters measured in the field. To test the model capabili-
ties, we performed some simple initial calculations assuming
a vertical and spatial differentiation of the parameters. These
results are presented and discussed in the following section.
As a first stage, the snowpack/melt sub-model parame-
ters (T s, Tm, ar , mQ) were calibrated separately using the
continuous snow thickness data measured in the winter of
year 2000 (Fig. 7). The calibration was performed by an au-
tomated iterative procedure using the Marquardt-Levenberg
algorithm (Marquardt, 1963) implemented in the pest code
(Model-Independent Parameter Estimation, Parameter Esti-
mation Inc., 1999). A plausible set of initial parameters,
as well as a maximum and a minimum value, were intro-
duced in the optimisation process. The calibration was per-
formed on a short period (1 month) to test the performance
of the model. The best calibration fit was found for ar=0.28,
mQ=0.042, a Ts temperature of 2◦C and a Tm temperature
of −0.5◦C. These values are within the range given by Mar-
tinec et al. (1994) for the South Alps. Figure 7a represents
the observed and simulated time series for the calibration and
validation periods. The Root Mean Squared Error (RMSE)
is used to estimate the quality of the simulation.
As a second stage, the fissure flow sub-model, combined
with the core hydrological model, was calibrated using two
rainfall events (characteristic of a wet period and a dry pe-
riod) with observed soil moisture variations at −0.56 m and
−1.08 m at site EV2. The average values for six parame-
ters of the core model (θSat, α, RatK , |h|BC , KR) were used
(Table 1); the vertical saturated conductivity KV was opti-
mised. Figure 8 shows an example of the results for rainfall
in a wet period (initial soil moisture >35%) and rainfall in a
dry period (initial soil moisture between 25 and 30%). The
simulated time series “with fissures” and “without fissures”
(ie. only with a matric percolation) are shown, as well as the
calculated RMSE’s.
As can be observed, the RMSE’s are better for the simu-
lations performed with fissures (Fig. 8). Introducing a rapid
flux towards depth appears to be a simple solution for de-
creasing the soil response time, while keeping a coherent
vertical saturated conductivity for the matrix. Simulations
shows that daily water flows drained by the cracks account
for approximately 15% of total flow drained at the contact
C1a1/C1a2. This fraction is sufficient to obtain fast reactions
within the upper part of the landslide body. The best-fit aver-
age parameters of the fissure flow sub-model are VFiss=0.103,
LFiss=0.042 mm, and PFiss=0.036. these avalues are in accor-
dance to field observations (Malet et al., 2003).
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Table 2. Validation results of the STARWARS model: GWL stands for fitting on the groundwater levels time series at two piezometric
stations, SM stands for the fitting on the soil moisture time series at four depths, RMSE stands for root mean squared error, Ratio stands for
the ratio of RMSE of validation period over RMSE of the calibration period.
Cal∗ Val Ratio Cal∗∗ Ratio Cal∗∗∗ Ratio Cal∗∗∗∗ Ratio
RMSE (m) RMSE (m) Val/Cal RMSE (m) Val/Cal RMSE (m) Val/Cal RMSE (m) Val/Cal
GWL (2) 0.301 0.432 1.433 0.335 1.302 0.285 1.274 0.510 1.270
SM (4) 0.277 0.391 1.444 0.287 1.384 0.224 1.129 0.428 1.259
∗ Represents model calibration on a calendar year (January–December);
∗∗ Represents model calibration on a hydrological year (September–August);
∗∗∗ Represents model calibration on three groundwater table recharge periods;
∗∗∗∗ Represents model calibration on three groundwater table drainage periods.
Finally, in a third stage, the core model was calibrated. Ta-
ble 1 gives an overview of the mean values and estimated
ranges of model parameters obtained from laboratory and
field investigations. As described above, model optimisa-
tion is performed with the pest code by defining a plausi-
ble range of parameters values. Therefore upper and lower
boundaries conditions (±50% of the minimal and maximal
measured values) were fixed for each parameter. The best-
fit parameters obtained by inverse modelling for the snow-
pack/melt sub-model and the fissure flow sub-model were
used. The others parameters were adjusted to come to the
smallest RMSE for the observed versus simulated time se-
ries. The optimized values are very close to the range of
values measured in the field (Table 1).
Figure 9 shows the simulation results for piezometers EV2
and BV16. The response pattern is reproduced well; al-
though some recorded peaks, especially for BV16, are un-
derestimated or missed. This underestimation is less impor-
tant because these short-lived high groundwater levels do not
influence the kinematics of the earthflow (Malet et al., 2002).
The drainage conditions and the range of groundwater
levels fluctuations are well simulated. This indicates that
the estimation of the evaporation parameters by the Penman
formula is adequate. However, the quickness of important
recharge events (often less than one day) is not simulated by
the model; instead, the duration of the simulated recharge is
spread out over several days. We assume that a more detailed
spatial representation of the parameters with higher conduc-
tivity values, porosity values and density of fissures in the
upper part of the earthflow, would help reduce this mismatch.
In addition, the Snow Water Equivalent simulated during the
melting of the snow cover is underestimated, because the
density of the snow is not used in the model.
Two important aspects of a model are its performance after
the calibration period and the choice of the fitting time series.
In our case, the modelled time series can be optimised on the
soil moisture variation in the topsoil (at 4 depths) or on the
groundwater levels. Table 2 shows the results of RMSE cal-
culated for the calibration and validation periods, as well as
the ratio for the two periods. Table 2 shows that the model
performance is slightly better with the soil moisture data set
 
 
 
Figure 8. Calibration and validation of the FISSURE FLOW model for a period of initial wet 
conditions in the upper layer and a period of initial dry conditions in the upper layer. RMSE’s 
are indicated for the simulations ‘with fissures’. 
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Fig. 8. Calibration and validation of the fissure flow model for a
period of initial wet conditions in the upper layer and a period of
initial dry conditions in the upper layer. RMSE’s are indicated for
the simulations “with fissures”.
than with the groundwater level data set. This result is not
surprising as the generation of the groundwater table in the
soil by downward percolation is controlled by the soil mois-
ture balance in the topsoil (Van Beek, 2002). Calibration
with the groundwater levels necessitates some additional pa-
rameters to optimise. Moreover, the optimisation performed
solely on the drainage periods results in higher RMSE’s.
This result also implies that the soil moisture balance and
the evaporation process are well represented by the model.
However, the recharge periods are poorly represented. This
can be explained by an underestimation of the fissure flow.
Finally, results show that the model performance is gener-
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Figure 9. Observed and simulated groundwater levels over years 2000 and 2001, and 
corresponding calibration and validation periods. The time series are optimised against the 
observed soil moisture data. 
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Fig. 9. Observed and simulated groundwater levels over years 2000 and 2001, and corresponding calibration and validation periods. The
time series are optimised against the observed soil moisture data.
 
 
 
Figure 10. Sensitivity of the simulated hydrology, expressed as the change in total storage, to 
changes in seven model parameters (a) and DEM resolution (b). 
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Fig. 10. Sensitivity of the simulated hydrology, expressed as the
change in total storage, to changes in seven model parameters (a)
and DEM resolution (b).
ally poorer in the validation period. Longer training data sets
might improve overall model performance.
Table 1 shows the best-fit parameters resulting from the
optimisation process. Best-fit parameters are in the range of
parameters estimated in the field. The porosities values, θSat,
the ratio between horizontal and vertical conductivity, RatK ,
the SWRC parameters, and the matrix suction at the bedrock
interface, |h|BC , which controls the loss of water in the lower
unit are the main controlling parameters.
5.2 Model sensitivity
The sensitivity of the model to changes in parameterisation
and in model geometry was analysed by comparing the simu-
lated hydrology of the earthflow for the year 1999. The total
drainable storage was used as a general measure of the simu-
lated hydrology. Starting with the same initial conditions (an
average winter profile of moisture content), the soil moisture
in the three layers and the groundwater levels were modelled
with the input climate data of 1999. The tested parameters
(Kv, RatK , θSat, ha1, α1, KR , |h|BC) were varied in con-
secutive model runs and model outcomes were compared to
those with the reference parameterisation, following the pro-
cedure proposed by Van Beek (2002). Only one parameter
was perturbed in each run. The remaining parameters were
kept at constant values. The model is simplified by assum-
ing only one hydrogeomorphological unit. The parameter
changes were calculated by subtracting or adding 10%, 25%,
50%, 100% and 200% of the standard deviation of the mean
parameter value (Fig. 10a). If the variability was unknown,
an estimate was used.
The hydrological model is most sensitive to the ratio
between the vertical and horizontal saturated conductivity
(Fig. 10a). A change by ±25% of the ratio results in a devia-
tion of more than 15% in the modelled storage. This ratio is
therefore a suitable parameter for model calibration. Poros-
ity and density of cracks are the parameters with the second
and third largest influences. This is not surprising because
these two parameters control the soil moisture percolation
in depth, and thus the overall infiltration process. The oth-
ers parameters have less influence with deviations in drain-
able storage of less than 5%. Among these other parameters,
the characteristics of the soil water retention curves have the
highest influence. Results of this sensitivity analysis con-
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Figure 11. Simulation of the earthflow’s hypothetical hydrological regime over the periods 
from 1981 to 2000 and 2041 to 2060 assuming the climatic change scenario proposed by 
Buma and Dehn (1998) for the Barcelonnette Basin. 
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Fig. 11. Simulation of the earthflow’s hypothetical hydrological regime over the periods from 1981 to 2000 and 2041 to 2060 assuming the
climatic change scenario proposed by Buma and Dehn (1998) for the Barcelonnette Basin.
firm those obtained by Va Beek (2002). In Fig. 10b, the
normalized changes in modelled storage are given for dif-
ferent simulations with different cell size, by keeping all the
other input parameter values constant. DEM resolution has a
high influence. Coarse resolution (larger than 5 m) results in
an underestimation of more than 20% in the modelled stor-
age. A threshold is clearly identified around 2 m. Below this
threshold, integration of finer resolution does not degrade or
improve the model results.
6 Model forecasts and practical use
After the model appears to give an accurate representation
of the physical processes being in consideration, it can then
be applied to hypothetical cases. Two examples of potential
practical applications are presented below.
6.1 Long-term behaviour of the flow: impact of environ-
mental changes
The dynamic nature of this type of model allows us to test the
influence of changes in climate or land use on the landslide
hydrological behaviour. These elements can aid an expert re-
sponsible for defining hazard levels. Numerical simulations
were conducted, first using the monthly time series of rainfall
and temperatures at the Barcelonnette climatic station (1981–
2000) and second, using the monthly time series provided by
a downscale Global Change Model (2041–2060). The data
used are from Buma and Dehn (1998). Figure 11 illustrates
the reconstitution of the earthflow’s hydrological behaviour
driven by these climate variations. The results must be in-
terpreted cautiously, first because this approach presupposes
that the geometry of the moving mass does not vary over the
simulated period, and second because of the extreme vari-
ability of the outputs from Global Change Models. It appears
that over the period 1981–2000, the general simulated trend
(two recharge episodes by year, higher groundwater levels in
winters with a large amount of snow) is similar to the one
observed over the period 1997–2000. It is remarkable to ob-
serve that the period from 1985 to 1991 presents a succession
of high groundwater levels, which also corresponds to period
of the earthflow’s fastest motion (Malet and Maquaire, 2003).
In the period from 2041 to 2060 there is a decrease in the
average groundwater level of the earthflow. Over the long-
term, the series also demonstrate a dramatic change in the
earthflow’s hydrologic behaviour with many years showing
only a single recharge episode. The return frequency of high
groundwater levels (higher than the threshold for movement
acceleration) would thus tend to diminish.
6.2 Behaviour of the earthflow with grass or tree planting
A second practical example is the simulation of the earth-
flow’s hypothetical hydrological behaviour with additional
grass or tree planting. The effect of ecological engineering
such as artificial planting can be assessed using the model
with a view to reducing landslide hazard. To accomplish this,
a sub-model representing the manner in which vegetation
intercepts rainfall (i.e. a fraction of the gross rainfall func-
tion of the foliar index) and an evapotranspiration sub-model
(i.e. a fraction of the potential evapotranspiration reduced by
a scale factor kc, representing the various vegetation cover)
were integrated into the model (Van Beek, 2002).
Three scenarios of ecological engineering were examined:
grass seeding, conifers planting (20-year-old black pines),
and a mixed scenario (Fig. 12). The simulations were car-
ried out using input data from 1999. Simulations show that
the influence of grass seeding is almost negligible on the hy-
drological behaviour, however, conifer planting considerably
lowers the piezometric level to a maximum height of around
−0.80 m and modifies the rate of drainage. The spatial local-
isation of the trees can also be optimised. It appears that tree
planting only upstream of the earthflow causes a decrease in
the groundwater level of around 0.50 m (Fig. 12, Scenario
B).
7 Conclusions
This paper describes an initial attempt to model the hydrol-
ogy of a clay-shale slow-moving earthflow, whose behaviour
is governed by seasonal pore pressure fluctuations. To un-
derstand the influence of rainfall recharge on spatially vari-
able groundwater flows, detailed rainfall and ground-water
data were collected. The observed time-dependent hydrolog-
ical behaviour is well reproduced by a distributed physically
based model in three layers. The model has appears to cap-
ture all the necessary physical phenomena with sufficient ac-
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Figure 12. Influence of ecological engineering (three scenarios) on the hypothetical 
hydrological behaviour of the earthflow. 
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Fig. 12. SInfluence of ecological engineering (three scenarios) on the hypothetical hydrological behaviour of the earthflow.
curacy to simulate and provide quantitative description of the
hydrological behaviour.
Model outputs are quite sensitive to changes in the effec-
tive porosity values and conductivity values. In the current
model, recharge within the fissures is very low; some spe-
cific research should be performed on this topic. Also, con-
siderable simplification was introduced by assuming constant
porosity values instead of possible transient values caused by
the swell-shrink behaviour of the earthflow material or com-
paction due to the movement.
It should be recalled that this type of model is only one of
the tools available to the expert to aid in forecasting future
behaviour (depending on his intuition, his experience, and
on field observations). Although the model does not claim to
simulate all behaviour, nevertheless it does provide a means
establishing the influence of certain parameters and thereby
reducing the subjectivity of assessments. Further research on
landslide hydrology should nevertheless be undertaken in the
future, on the basis of the different landslide databases now
available.
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